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We present a new Moho map for the Early-Proterozoic northwestern part of the Fennoscandian Shield,
where the POLENET/LAPNET passive seismic array was located. The map is based on previously published
and re-evaluated controlled source seismic data and P-wave receiver functions as well as new estimates
of the Moho depth obtained by our analysis of P-wave receiver functions at broadband stations of the
POLENET/LAPNET array. We estimated individual data quality for all input data and combined them into
a new Moho map using CRUST3D software. The software seeks the simplest (smoothest) Moho surface
that is consistent with all seismic data within their individual uncertainty limits. The new Moho map
indicates that the crustal thickness in the study region varies between 42 km and 58 km, with the great-
est thickness being reached in two separate areas in the northeast and the southeast. Two areas with rel-
atively ﬂat and shallow Moho, with an average Moho depth of c. 44 km, are located in the eastern and
south-western parts of the study area. These two areas are separated by the Moho depression, with a
maximum depth of 58 km. They can be associated with the Archean core of the Karelian craton and with
the part of it that was reworked during the Early Proterozoic, respectively. A region with an average Moho
depth of c. 47 km can be seen in the northern part of our study area, deepening to c. 55 km in the north-
eastern corner.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
POLENET, the Polar Earth Observing Network (http://
www.polenet.org), was one of the key geophysical projects of the
International Polar Year 2007–2009. It was a multidisciplinary
experiment with activities that aimed to improve the data cover-
age of geodetic, magnetic, and seismic information across the Polar
Regions.POLENET/LAPNET ([1]; http://www.oulu.ﬁ/sgo-oty/lapnet) was
a sub-project of POLENET combining the seismic studies in the Arc-
tic regions. The POLENET/LAPNET array was located in northern
Fennoscandia (Finland, Sweden, Norway, and Russia). The array
consisted of 37 temporary and 21 permanent seismic stations. All
of the stations except for 2 temporary stations (shown in Fig. 1
as black triangles) were broadband. The array registered wave-
forms from teleseismic, regional and local events from May 2007
to September 2009.
One of the main targets of POLENET/LAPNET was to obtain a 3-D
seismic model of the upper mantle down to 670 km (P- and S-wave
velocity models, positions of major boundaries in the crust and
upper mantle and estimates of seismic anisotropy strength and ori-
entation) in the northern Fennoscandian Shield, particularly be-
neath its Archean domain.
The understanding of 3-D structures on a crustal scale is essen-
tial for high-resolution teleseismic studies of the lithosphere at
upper mantle depths [2]. For south-central Finland, Sandoval
et al. [3] demonstrated that the non-linear inversion of teleseismic
Fig. 1. Geological map of the study area. (a) Simpliﬁed map of orogenies (based on [12]) in northern Fennoscandia (the Fennoscandian crustal block is marked with a black
dotted line and our study area with a black rectangle). (b) The simpliﬁed geological map is based on a 1:2,000,000 geological map of Fennoscandia [40]. The controlled source
seismic proﬁles used in this study are indicated with black lines and the receiver function points with black stars (POLENET/LAPNET broad band stations), triangles (POLENET/
LAPNET short period stations), and dots (SVEKALAPKO stations included to this study). Names of the geological units discussed in the text are indicated in red. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
20 H. Silvennoinen et al. / GeoResJ 1–2 (2014) 19–32travel time residuals without correcting for 3-D crustal structure
erroneously maps the crustal anomalies into the upper mantle. In
particular, the effects of variations of the crust–mantle boundary
topography can propagate down to 450 km. Hence, reliable infor-
mation about the topography of the crust–mantle boundary is cru-
cial for compilation of the 3-D reference crustal model.The aim of this study was to obtain a new map of the crust–
mantle boundary for the POLENET/LAPNET study area, from 64
to 70 N and 18 to 34 E (Fig. 1). Several maps of the Moho bound-
ary have been compiled for our study area, primarily from Con-
trolled Source Seismic (CSS) experiments. These include maps for
all of Europe by Tesauro et al. [4] and Grad et al. [5], as well as
H. Silvennoinen et al. / GeoResJ 1–2 (2014) 19–32 21speciﬁc Moho maps for all or parts of Fennoscandia [3,6,7]. The
amount of CSS data available for northern Fennoscandia, however,
is relatively small compared to its southern part, leaving large
areas without previously available data on Moho depth (see
Fig. 1). In addition, the existing Moho maps for northern Fenno-
scandia disagree signiﬁcantly even in their large-scale features,
see e.g. [4,5].
In our study, we compiled a new map of the Moho boundary for
the northern Fennoscandian Shield. For this, we used new results
of the near-vertical reﬂection proﬁle FIRE4 and new interpretations
of the wide-angle reﬂection and refraction proﬁles POLAR and
HUKKA [8] and HUKKA 2007 [9]. We also used the P-wave receiver
functions estimated from POLENET/LAPNET data to increase the
amount of information about the Moho depth. We compare esti-
mates of the Moho depth obtained by different methods, namely,
by wide-angle reﬂection and refraction data, near-vertical reﬂec-
tion data, and P-wave receiver functions, and discuss the uncer-
tainty of the Moho estimates obtained by the different methods
and different data sets. As variations in the Moho boundary depth
correspond to different geological terranes, c.f. [10,11], we also
compare the Moho map with the major surface geological units
in our study area.2. Tectonic setting
The Fennoscandian crustal block represents the northern part of
the East European Craton (Fig. 1). It consists of the Fennoscandian
Shield, its Precambrian southern continuation covered by sedi-
ments, and the Caledonides to the west. The northeastern part of
the Fennoscandian Shield, where our study area is located, consists
primarily of Archean crust and its Proterozoic cover [12].
The main Proterozoic tectonic events affecting the Archean
crust in the northern Fennoscandian Shield were rifting events be-
tween 2.5 and 2.1 Ga and two orogenies with related magmatism
(Fig. 1a), namely the Lapland-Kola orogeny (1.94–1.86 Ga, [13])
and the Lapland-Savo orogeny (1.92–1.89 Ga, [12]). The rifting
events comprise two stages of intraplate rifting (2.5–2.1 Ga and
c. 2.1 Ga, [12]) in the southwest direction. Rifting began in north-
eastern Fennoscandia and led to the separation of cratonic compo-
nents by oceans approximately 2.1 Ga [13]. Until today, no Archean
subduction-related magmatism has been found in Fennoscandia.
Our study area mainly comprises reworked Archean crust with
only a minimal amount of juvenile material. The Lapland-Kola
orogeny was preceded by island arc accretion 1.95–1.91 Ga. The
main orogeny was a transpressional continent–continent collision
between Kola craton and Karelian craton [12].
The Lapland-Savo orogeny (1.92–1.89 Ga, [12]) denotes the
northern part of the composite Svecofennian orogeny. In general,
the Svecofennian orogeny formed a large unit of new Paleoprotero-
zoic crust. Similarly to the Lapland-Kola orogeny, the Lapland-Savo
orogeny mainly comprises reworked Archean crust. It began to
form from the north, as the Karelian craton and the Norbotton cra-
ton collided 1.92 Ga [12].Table 1
CSS proﬁles used as input data and references.
Experiment References
BABEL [41,42]
EL [43,44]
FENNOLORA [15–17]
FINLAP [45]
FIRE 4 [14,8]
HUKKA S [8]
HUKKA 2007 [9]
KE [41,42]
PENCHENGA-KOSTOMUKSHA [19–21]
POLAR [18,8]3. Available data about the crust–mantle boundary in the area
3.1. Previous Controlled Source Seismic (CSS) experiments in the area
The new map of the Moho boundary is based primarily on four
controlled source seismic (CSS) proﬁles: near-vertical reﬂection
seismic proﬁle FIRE4 [8,14] and wide-angle reﬂection and refrac-
tion seismic proﬁles FENNOLORA [15–17], POLAR [18,8], and
PECHENGA-KOSTOMUKSHA [19–21] as well as a few shorter pro-
ﬁles and BABEL in the south (Fig. 1). The CSS information is com-
plemented by existing [22] and new receiver function data.As our study area partly overlaps with the SVEKALAPKO re-
search area [3], we made use of some of their quality estimates
as input data for our Moho map compilation. In particular, this in-
cludes the data of BABEL 1, 2, and 4, EL, FINLAP, KE, PECHENGA-
KOSTOMUKSHA and also the southern part of the FENNOLORA
long-range proﬁle. Furthermore, we used new P- and S-wave
velocity models of HUKKA SW and POLAR wide-angle reﬂection
and refraction proﬁles and FIRE4 near-vertical reﬂection transect
[8] and HUKKA2007 wide-angle reﬂection and refraction proﬁle
[9]. All of the CSS proﬁles are listed in Table 1 with references
and are shown in Fig. 1. The quality estimates for CSS data follow
the scheme deﬁned by Waldhauser et al. [23] and are discussed
below.
3.2. Available estimates of the Moho depth from previous P-wave
receiver function data
The main source of P-wave receiver function data in this study
is our calculations of PRF and Moho depth for POLENET/LAPNET
stations. No previous receiver function studies exist for most of
our study area. There were, however, previously published results
of receiver function studies in three areas partially overlapping
with the POLENET/LAPNET study area: for northern Sweden (Ols-
son et al. [24]), Norway and northernmost Finland (Ottemöller
and Midzi [25]) and for southern and central Finland (Alinaghi
et al. [26] and Kozlovskaya et al. [22]). For all PRF data, we esti-
mated the uncertainty of the Moho depth information based on
methodological considerations, e.g. [27]and on individual data
quality. The locations of the POLENET/LAPNET stations as well as
stations with previously published PRF results included in this
study are shown in Fig. 1b.
3.3. Estimates of Moho depth obtained from P-wave receiver functions
of the POLENET/LAPNET experiment
We applied the method of PRF evaluation originally proposed
by Vinnik [28] and Vinnik and Kosarev [29]. The seismograms of
teleseismic events from epicentral distances from 30 to 80 degrees
are rotated to the LQT coordinate system that is optimal for detec-
tion of SV-waves. Subsequently, a Wiener deconvolution ﬁlter in
the time domain is calculated by minimizing the least square dif-
ference between the output of the ﬁltering operation on the L-com-
ponent and a normalized spike-like function. The calculated ﬁlter
is applied to the Q-component, yielding the response of the med-
ium under the station in the Q-direction to a normalized spike-like
incoming signal in the L-direction. After the deconvolution, the L-
and Q-components of PRF for individual events are stacked, and
the resulting PRF is inverted for S-wave velocity structure beneath
the station.
The initial event selection was done by taking all events re-
corded during the POLENET/LAPNET data acquisition period with
magnitudes greater than 5.5. The event information was taken
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Centre (http://www.isc.ac.uk/). Of these events, those with clear
P-wave arrivals were selected for calculation of PRFs and stacking
(see Fig. 2 for all stacked POLENET/LAPNET PRFs and Fig. 3 for
examples of unstacked PRFs). The number of events for each sta-
tion varies between 11 and 33.
The stacks of PRFs were inverted to obtain the velocity structure
beneath each station. For inversion, we used the technique de-
scribed in Kosarev et al. [30,31] and Kind et al. [32]. In this method,
the medium beneath the station is approximated by a 1-D layered
model with constant P- and S-wave velocities and constant density
within each layer. Synthetic PRFs are calculated using the Thom-
son-Haskell method [33].
The inversion method is based on Tikhonoff regularization of ill-
posed inverse problems [34]. A starting model must be deﬁned in
this technique. In our study, we used a starting model consisting of
28 layers 3 km in thickness. The selected thickness of 3 km is the
limit of the vertical resolution of our PRF data. With 28 layers of
such thickness, it is possible to parameterize the structure of the
crust as well as possible velocity variations on the crust–mantle
transition (as suggested, for example, in [8]). To obtain information
on the non-uniqueness of the inverse problem (deﬁned as theMSF
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Fig. 2. Q-components of all stacked POLENET/LAPNET PRFs. The PRFs have been groupedmeasure of discrepancy of different models describing the same
structure and showing equally good ﬁts between observed and
synthetic PRFs), we generated random sets of starting models
and calculated multiple inversions for each station. The non-
uniqueness of receiver function inversion was discussed in [35].
The inverted parameters are the S-wave velocities in different lay-
ers of the model.
Grad and Tiira [36] showed that the value of the Vp/Vs ratio as-
sumed in receiver functions analysis might have a signiﬁcant effect
on estimates of the Moho depth. Based on [8], the Vp/Vs value in
the crust of northern Finland varies from 1.68 to 1.84 with an aver-
age value of 1.74. That is why in our study we ﬁxed the Vp/Vs ratio
to 1.74 for the whole model. Inversion trials with other values of
the Vp/Vs ratio ranging from 1.68 to 1.77 have shown that the ef-
fect on the ﬁnal model and especially the correspondent Moho
depth is, in our study area, of minor importance.
The density was calculated according to Krasovsky’s relation-
ship: ro = 0.3209 * Vp + 0.7269 [37]. This relationship is similar to
the famous Birch relationship but compiled especially for ancient
shields. The selection of regularization parameters is made using
the condition of the approximate equality of the root mean square
(RMS) difference between synthetic and observed PRFs and the15 20 25 30s
by data quality classes and sorted by the arrival time of the Moho conversion phase.
Fig. 3. Examples of PRF data for all ﬁnal quality classes. The PRF for MSF station (a) is shown as an example of the PRF of ﬁnal quality class 0; OUL (b) and LP62 (c) are
examples of PRFs of class 1; LP75 (d) is an example of PRF of class 2; and SGF (e) shows the PRF of class 2M. The Q-components of PRF for all events as well as the stacked ﬁnal
PRF are shown on the left plot for each station. The Moho conversion peak on the stacked PRF is indicated with a black box. Traces are sorted by event azimuth. The rose
diagrams of azimuthal coverage are shown in the upper right plot of each example. The red lines show the 90-degree sectors used for estimation of azimuthal coverage
quality (for more information see Ch. 5.2). The lower middle part of each subplot shows histograms based on 1000 inversion models calculated for each station. The average
velocity model is shown in red, and the Moho depths estimated from these models as well as error bars based on our ﬁnal quality estimate are represented by blue lines. The
lower right plot of each station example shows histograms of the Q-components of PRFs calculated from 1000 inverted models with the original PRF shown as a red line. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
H. Silvennoinen et al. / GeoResJ 1–2 (2014) 19–32 23data error. The latter is estimated as a standard deviation of the
ensemble of PRFs stacked to obtain the observed PRF. The number
of iterations was 6.
The set of optimized solutions for PRFs on ﬁve selected sta-
tions is shown in Fig. 3, and the histograms of RMS deviations
between the observed and synthetics PRFs are shown in Fig. 4.
It can be seen from Fig. 4 that from uniform distributions of
starting Vs in each layer, we get almost Gaussian distributions
of RMS and ﬁnal Vs values in each layer. Testing of inversion
with 50,000 starting models, and even with just 100 models,
yields similar results. We can conclude from the histograms in
the wave-form space and in the Vs space that the inverse prob-
lem is converging.The ﬁnal result of our inversion procedure must be the determi-
nation of the Moho depth for each station. We deﬁne the Moho as a
narrow zone of strong vertical velocity gradient near the point
where the Vs velocity–depth function reaches a Vs value equal to
the typical uppermost mantle velocity of 4.5 km/s. In Fig. 3, the
Moho depths for ﬁve stations are shown as blue lines. Although
we can conclude from our data that the strict 1D approximation
might not be valid for all stations, we do not observe systematic
back-azimuth dependent variations in arrival times of Ps phases
(see Fig. 3). As we are only interested in Moho depth information
in this study and because our station spacing only allows for regio-
nal variations of Moho topography, the 1D approximation seems
appropriate.
Fig. 3 (continued)
24 H. Silvennoinen et al. / GeoResJ 1–2 (2014) 19–32After considering the uncertainty of previous and new RF re-
sults (as described in Chapter 5.2), we obtained a total of 5 previ-
ous RF results and 34 new PRF results, shown in Fig. 1b.4. Method of compilation of the Moho boundary
The CRUST3D program (pers. comm. by Spada, Wagner and Kis-
sling (2010), of former program MakeUp3D by Waldhauser et al.[23] and Arlitt et al., [2]) was used for compiling a 3-D crustal mod-
el. Using CRUST3D, we can establish a 3-D crustal model based on
data from CSS experiments and PRF studies [27]. In this program, a
weight is given to each data point from the CSS or PRF experiments
according to its observation uncertainty. The abovementioned dif-
ferent seismic methodologies are inherently characterized by dif-
ferent strengths and limitations that translate into different
uncertainties even for top quality data derived from the different
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Fig. 4. An example of the results of inversion of PRF for station LP62. (a) A priori probability density function (histogram) estimated for the ensemble of 1000 starting random
uniformly distributed S-wave velocity models in the parameter space. The probability density function (PDF) is calculated for each layer separately. (b) A priori PDF of the
RMS difference between the observed and model PRFs calculated for the starting models shown in subplot (a). (c) A posteriori PDF of the ensemble of ﬁnal S-wave velocity
models in the parameter space. (d) A posteriori PDF of the RMS difference between the observed and model PRFs for the ﬁnal models shown in subplot c).
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ferent methodological strengths and to compile the simplest
(smoothest) 3-D crustal model that ﬁts all available data within
their appropriate individual and methodological uncertainty
limits.
As in the 3-D crustal model for south-central Finland compiled
by Sandoval et al. [3], the a priori information on Moho depth and
crustal velocities is based on existing models. The original data
leading to the published models were carefully analyzed, and we
used only information from locations where Moho reﬂectors/
refractors are actually observed. In addition to the Moho depth,
we also derived average crustal velocities and, if possible, upper
mantle velocities from 2-D CSS models in these locations. The qual-
ity estimates were also obtained by re-evaluating the original data.
The quality of the Moho depth estimates is taken into account with
a weighting scheme (for details see [23]), where the quality of CSS
data is evaluated relative to the best data available for a speciﬁc
Moho segment (Pg, Pn and PmP phases were used). The weighting
varies not only from proﬁle to proﬁle but also along proﬁles
depending on the data quality.
The Moho interface is obtained by application of the principle of
simplicity: the aim is to ﬁnd the smoothest Moho interface that
satisﬁes all data within a priori estimated uncertainty limits. It is
important to note that we do not suggest such a derived 3-D crus-
tal model to be ‘‘correct’’ or ‘‘geologically true’’. Rather, our Moho
model denotes the seismic model of least complexity that ﬁts all
presently available seismic information within their pre-assignedindividual uncertainties. Such a model is the best initial reference
model for further updates with new and additional data.5. Uncertainty estimates for CSS and PRF data
5.1. Uncertainty estimate for CSS data
The CSS data error estimates in this study were based on the
weighting scheme by Waldhauser et al. [23], where previous pub-
lished models of 2-D data are taken and the quality of the data
used to build these models is individually estimated for each Moho
reﬂector or refractor. The weight estimate of wide-angle reﬂection
and refraction data is based on data quality and phase conﬁdence
(wc), proﬁle orientation with respect to known strike directions
(wo), and proﬁle type (i.e., whether the proﬁle is reversed, unre-
versed or a fan) (wt). With near-vertical reﬂection proﬁles, the
weight estimate is based on the quality of the reﬂective signature
(wcr), the source of the migration velocity information (wmig), and
the maximum projection distance of the migrated section from
the true proﬁle (wproj). A quality factor (wtot) is obtained for each
Moho section by multiplying the individual weights. The quality
factors are transformed into a depth error estimate by dividing
the minimal uncertainty of the Moho depth (±2 km [3]) by quality
factor wtot. Although the goal of the evaluation process is to obtain
error estimates that are as quantitative as possible, the estimation
of the conﬁdence of refracted and wide-angle reﬂected phases and
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Fig. 5. Data quality map. The quality estimates for all available data. Controlled
source seismic proﬁles are shown as dotted lines and receiver function points as
larger dots.
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tive and, hence, remains in parts qualitative.
The wide-angle reﬂection and refraction POLAR proﬁle is lo-
cated near the center of our research area. In Sandoval et al. [3],
only a short part of this proﬁle was used. There are a number of
published velocity models of the POLAR proﬁle, for example mod-
els by Luosto et al. [18] and by Janik et al. [8]. The largest difference
between Moho depths in these two models is less than 5 km, but
differences are mostly within the interval of ±2 km used for the
best quality data. This interval is estimated from Fresnel volume
evaluations [38]. Hence, we conclude that with regard to Moho
topography, the models by Luosto et al. [18] and by Janik et al.
[8] do not differ signiﬁcantly.
In our study we use the model by Janik et al. [8] because it con-
tains information from both the P- and S-waves, whereas the mod-
el by Luosto et al. [18] is based only on P-waves. The data quality of
POLAR is generally good, but it is better at the southern end of the
proﬁle, due primarily to the location of the shot points. However,
the PmP appears as a package of multiple reﬂections in many cases,
indicating that the structure of the Moho is complex and corre-
sponds to a highly reﬂective layer rather than to a single sharp
reﬂecting interface. S-wave quality at POLAR is almost as good as
P-wave quality, sometimes even better. The data quality estimates
vary between 0.32 and 1.0 (the best). For about half of the length of
the proﬁle, the data quality was estimated to be better than or
equal to 0.8.
The near-vertical reﬂection seismic FIRE4 transect is the only
one of four transects of the FIRE project located in the POLENET/
LAPNET research area. It consists of three proﬁles, FIRE4, FIRE4A
and FIRE4B. The FIRE4A proﬁle is almost exactly co-located with
the POLAR proﬁle (see Fig. 1). Janik et al. [8] presented the mi-
grated section of proﬁles FIRE4 and FIRE4A that we used in our
study to deﬁne the Moho depth. Following the data quality-scheme
by Waldhauser et al. [23], we rated individual data quality and
subsequently estimated the Moho reﬂector segment uncertainties
for FIRE4 and FIRE4A proﬁles.
In addition to POLAR and FIRE4 proﬁles, velocity models of
three HUKKA proﬁles, namely, HUKKA SE, HUKKA N, and HUKKA
2007 were added as new data to previously published CSS data
quality estimates by Sandoval et al. [3] as well as the northernmost
part of FENNOLORA (north of 67). See Fig. 5 for a map with quality
information for all data on our study area.
5.2. Uncertainty estimate for PRF data
The uncertainty estimation for the PRF inversion results was
conducted in a manner similar to that for the CSS data. The estima-
tion scheme was originally proposed by Spada et al. [27]. Based on
quality assessment, the stacked PRFs observed at each station are
attributed to four quality classes numbered from 0 (best) to 3 (to
be excluded), with every class assigned a corresponding uncer-
tainty value of the Moho depth derived from PRF (see Figs. 2 and
3). The attribution of a stacked PRF to a speciﬁc class is based on
the quality and certainty of identiﬁcation of the Ps Moho phase,
on azimuthal coverage by the individual PRF data used for stacking
of the PRF, and on differences in the timing, wavelet widths and
amplitudes of individual PRFs with respect to the event azimuth.
To evaluate azimuthal coverage, we counted for each station the
number of events per quarter of the whole azimuthal range of 360
that yield the PRF Moho wavelets similar to that of the stacked PRF.
These 90 segments were oriented in such a way that each segment
included as many events as possible. If at least 3 segments had
more than 6 events each, the azimuth quality was deemed to be
0. If at least 3 segments had at least 4 events each, the azimuth
quality was 1, and with at least 2 events, the azimuth quality
was deﬁned as 2. Stations not fulﬁlling these requirements wereattributed to quality class 3 and were excluded from our Moho
depth data set. See Fig. 3 for examples of azimuthal distribution
analysis.
To evaluate the quality of the ﬁnal receiver function, we mea-
sured both the width and the amplitude of the Moho conversion
pulse. Quality class 0 has receiver functions with an amplitude at
least twice as high as the amplitude of the ambient noise and a
Moho conversion pulse with a wavelength shorter than 1.0 s. Qual-
ity class 1 was assigned to PRFs with amplitudes at least 1.5 times
higher than the amplitude of the ambient noise and a Moho con-
version pulse shorter than 1.5 s. Quality class 2 has PRF amplitudes
at least 1.5 times higher than the ambient noise and a Moho con-
version pulse shorter than 2.0 s.
In contrast to the ﬁndings by Spada et al. [27] for young conti-
nental lithosphere, in our PRF data set we have quite commonly
observed the case where Moho is not a single sharp peak (for
example station OUL in Fig. 3b) but a combination of two or even
three peaks where one of them might be clearly strongest (for
example station SGF in Fig. 3e), making the Moho determination
sometimes difﬁcult. All stations with multiple Moho peaks were
attributed to the special class 2M. PRF quality classes for all POLE-
NET/LAPNET stations included in this study (classes 0, 1, and 2) are
listed in Table 2 as well as notiﬁcation of complex Moho structure.
Data qualities for all data types are also shown in Fig. 5.
For our study area there exist three sets of previously published
RF results with partially overlapping study regions: for northern
Sweden it is a study by Olsson et al. [24], and for the SVEKALAPKO
array in southern and central Finland there are studies by Alinaghi
et al. [26] and Kozlovskaya et al. [22]. Those results by Kozlovskaya
et al. [22] that were located in our study area (5 stations in total,
see Fig. 1) were included in our data set, as we had access to the
original set of PRFs and hence were able to evaluate those results
using our evaluation scheme. The quality classes of the stations
where data quality was sufﬁcient to be included in our Moho depth
database are shown in Table 3.
Table 2
Moho depths and PRF quality classes for POLENET/LAPNET stations. In addition to quality estimates based on RF shape and azimuthal coverage, stations have been divided into
those with a simple clear converted wave from Moho and those with more complex lower crust or upper mantle structure with at least two combined peaks at Moho depth in
PRF. The ﬁnal quality estimate, updated by lowering the quality class for stations with complex Moho structure (not from class 2 to class 3), is shown in the last column.
Station Latitude Longitude Moho depth Number of events Azimuthal coverage quality Signal quality Complex Moho Final quality
LP01 65.45 27.51 56 31 1 2 Yes 2M
LP11 65.51 25.49 44 20 2 0 No 2
LP12 65.90 26.41 44 20 1 2 Yes 2M
LP21 66.04 25.03 43 23 2 2 Yes 2M
LP31 66.59 24.09 47 17 1 2 Yes 2M
LP33 66.97 27.34 46 19 2 1 No 2
LP35 67.36 29.36 45 17 2 2 Yes 2M
LP43 67.78 27.78 47 13 2 0 No 2
LP51 67.46 23.64 49 22 2 2 Yes 2M
LP52 67.58 25.09 43 13 2 2 Yes 2M
LP53 68.08 27.19 49 11 2 2 Yes 2M
LP54 68.47 28.32 46 19 1 2 No 2
LP61 67.91 23.93 45 19 1 1 No 1
LP62 68.16 25.78 44 23 1 1 No 1
LP65 68.85 28.32 44 19 1 2 Yes 2M
LP71 68.48 24.70 50 17 2 2 Yes 2M
LP72 68.95 25.71 52 16 2 2 No 2
LP75 69.67 29.11 49 30 2 2 No 2
OUL 65.09 25.90 42 28 1 0 No 1
SGF 67.44 26.53 48 29 1 2 Yes 2M
MSF 65.91 28.85 58 33 0 0 No 0
RNF 66.61 26.01 45 23 1 0 No 1
HEF 68.41 23.66 44 29 0 0 No 0
VRF 67.75 29.61 43 14 2 2 Yes 2M
KEV 69.76 27.00 57 20 2 2 Yes 2M
KIF 69.04 20.80 46 18 2 2 Yes 2M
KU6 66.02 29.89 56 18 1 2 Yes 2M
ARE0 69.53 25.51 48 25 1 0 No 1
SAL 67.38 18.51 46 19 2 0 No 2
PAJ 67.02 23.11 46 24 2 2 Yes 2M
MAS 67.46 22.00 47 18 1 2 Yes 2M
ERT 66.55 22.19 44 18 2 2 Yes 2M
HAR 66.16 20.98 44 17 1 1 No 1
Table 3
PRF quality classes for previously published SVEKALAPKO stations [22]. In addition to quality estimates based on RF shape and azimuthal coverage, stations have been divided
into those with a simple clear converted wave fromMoho and those with more complex lower crust or upper mantle structure with at least two combined peaks at Moho depth in
PRF. The ﬁnal quality estimate, updated by lowering the quality class for stations with complex Moho structure (not from class 2 to class 3), is shown in last column.
Station Latitude Longitude Moho depth Azimuthal coverage quality Signal quality Complex Moho Final quality
FJ01 66.04 28.31 55 2 2 yes 2M
FF30 64.50 29.10 58 2 2 yes 2M
FH05 64.36 26.51 55 2 2 yes 2M
FH03 65.06 27.61 56 2 2 yes 2M
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publish the waveforms of PRFs. They also did not provide informa-
tion about the azimuthal coverage for their stacked PRFs. Hence,
we were not able to evaluate their results in a way that would
be consistent with our data sets. However, we compared our re-
sults with the estimates of the Moho depth published in those
two studies. The Moho depth estimates by Alinaghi et al. [26] for
stations located in the POLENET/LAPNET study area appear to be
generally shallower than those by Kozlovskaya et al. [22] and shal-
lower than those obtained at POLENET/LAPNET stations LP01 and
OUL in our study, but all of the results are still within the error
bars. On the other hand, station MSF yields an almost 10 km deeper
Moho than that shown in the Moho map of Alinaghi et al. [26]. We
suggest that this difference could be explained either by the inter-
polation used to produce the Moho map or by the much shorter
period of the data acquisition of the SVEKALAPKO experiment
(6 months) compared to that of the POLENET/LAPNET experiment
(2 years). The results of Olsson et al. [24] have signiﬁcantly smaller
differences from our results, and all of them are well within the er-
ror bars derived from our data.Ottemöller et al. [25] analyzed PRFs for 2 stations in our study
area, namely KTK and KEV, and presented the data for KEV. They
estimated the Moho depth at the station to be between 44 km
and 50 km plus error bars. The average of these values (47 km) is
within our error bars.
A general Moho depth uncertainty value was estimated for each
of the ﬁnal quality classes. The estimate is based on discussion of
the vertical resolution of RF by Spada et al. [27]. For the top-quality
PRF (class 0), the error is estimated to be ±3 km. The error estimate
for the class 1 is ±6 km, and it is ±10 km for classes 2 and 2M. As
the error estimate for CSS data is equal to the minimum error
(±2 km) divided by the CSS quality value, the ﬁnal PRF quality clas-
ses 0, 1, 2, and 2M correspond to the CSS data qualities 0.67, 0.33,
0.20, and 0.20, respectively.6. Results and discussion
Fig. 6 shows a comparison of the Moho depth obtained from co-
located wide-angle reﬂection and refraction proﬁle POLAR and
Fig. 6. Comparison of wide-angle reﬂection and refraction data, near-vertical reﬂection Moho, and PRF Moho along the POLAR/FIRE4A proﬁle. Moho sections from POLAR
(smoothed from [8]) are shown as a purple line, Moho sections from FIRE4A [8] as a light blue line, and receiver function points as green dots. Error bars from quality
estimates are shown for all three types of data. The background section is the automatic line drawing of FIRE4A [8]. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 8. Comparison of previous maps of the Moho boundary with the map compiled in our study. Previous Moho maps by Grad et al. [5] and Tesauro et al. [4] are shown in
subplots (a and b), respectively. Subplot (c) shows the difference between the Moho map by Grad et al. [5] and our map, and subplot (d) shows the difference between the
Moho map by Tesauro et al. [4] and our Moho map.
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estimated by the PRF inversion at four POLENET/LAPNET stations
located near the proﬁles. In the southwestern part of the proﬁle,
all three Mohos ﬁt well within their respective uncertainty esti-
mates, but in the northeastern part, the differences are more
pronounced.
Janik et al. [8] noted that the wide angle ‘‘refraction’’ Moho and
near-vertical ‘‘reﬂection’’ Moho do not coincide in northern parts of
the proﬁles, starting approximately at CMP point 16,000 on FIRE4A.
As seen from Fig. 6, the Moho estimated from the PRF analysis cor-
responds well with the ‘‘reﬂection’’ Moho. The results of the PRF
inversion for some of the POLENET/LAPNET stations (for example,
for station LP75 in Fig. 3d) indicate the possible presence of a high
velocity lower crust (HVLC) that could mask the petrological Moho
boundary. In general, our modeling with CRUST3D is based on seis-
mic imaging of the petrological continental Moho, which is nor-
mally characterized by a distinctive change in seismic velocities
coincident with a change in the reﬂectivity pattern. As thin layers
of anomalous lower crustal material of limited lateral extent may
easily be overshot by refraction seismics and because such layers
may not be distinguished by their reﬂectivity pattern alone, for
interpolation of our Moho model, the uncertainty estimates for
top quality data along the FIRE and POLAR proﬁles are increased
to ±3 km.
A new map of the Moho is shown in Fig. 7b with comparison to
the main geological units in the area. As one can see, the Moho
depth varies between 40 and almost 60 km. In general, areas with
a signiﬁcant Moho depth gradient correlate well with the major
geological boundaries. The maximum crustal thickness of 58 km
is reached beneath parts of the Karelian craton.
The pronounced Moho depression beneath the Karelian craton
in the southeastern part of our study region (Fig. 7) is located be-
tween the Kainuu schist belt (KSB) and the Kuhmo greenstone belt
(KGSB) (see Fig. 1b). This area with the deepest Moho appears to be
a continuation of the deep Moho in central Finland [3,6,22]. The
Moho depression limits the Karelian craton from the west and
from the northwest (see Fig. 7). The geometric correspondence of
the KSB and KGSB units (Fig. 1) with the narrow and deep Moho
trough beneath the Karelian craton may suggest an evolutionary
correspondence.
Another area with deep Moho can be seen in the north-eastern-
most part of our study area beneath the Archean Kola craton. Deep
Moho in this region is indicated by both near-vertical reﬂection
seismic FIRE4A and PRFs (Fig. 6).
With the exception of the two pronounced Moho depressions
beneath these cratons, our results document two main crustal do-
mains, one with relatively shallow Moho near 42 km, which is sep-
arated into a south-western and a eastern part by the second
domain with a crustal thickness of approximately 47 km (Fig. 7).
Generally, the PRFs at stations located in the two areas of shallow
Moho have one single sharp peak corresponding to conversion
from the Moho. Furthermore, the CSS information available from
these regions predominantly shows the normal velocity structure
typical of a petrological Moho at Archean crustal terranes. Moho
depth values of 40 km to 44 km are typical for the Archean domain
of Fennoscandia, c.f. [22], and they are close to the global average
for Moho depth in Archean crustal terranes [39]. That is why we
interpret these two regions as correspondent to less-reworked Ar-
chean crustal terranes.
A region with an average Moho depth of c. 47 km can be seen in
the northwestern part of our study area (Fig. 8). These values of the
Moho depth are close to the global average for the Moho in Prote-
rozoic terranes [39] and in other Proterozoic regions of Fennoscan-
dia [10]. In general, there is no clear peak in PRF for converted Ps,
but rather two or three peaks, at stations located within this area.
This may indicate that the crust has been strongly reworked in theProterozoic and that the present-day Moho boundary was formed
as a result of this reworking.
The southern boundary of this region is almost east–west direc-
ted and stretches from Finland to Sweden. In the Finnish part of the
study area, this boundary ﬁts well with the boundary of the Central
Lapland Granitoid Complex (see Fig. 1b) and appears to be a con-
tinuation of the boundary between the non-reworked part of the
Archean Karelian craton and the part reworked in the Proterozoic
[13]. In the Swedish part of the study area, there are no obvious
surface geological structures that this boundary could correspond
with.
Our results are generally in good agreement with previous
Moho maps. There are only two locations where the results differ
signiﬁcantly, i.e., the two pronounced Moho depressions. In our
map, these features are constrained by new receiver function re-
sults, whereas previously, only a very limited amount of Moho
depth data was available. The Moho depths for the southern Moho
depression generally agree with previous receiver function studies
of overlapping SVEKALAPKO data by Alinaghi et al. [26] and Koz-
lovskaya et al. [22].
The latest digitally available Moho maps created by Tesauro
et al. [4] and Grad et al. [5] are shown in Fig. 8 together with our
new Moho map for direct comparison. All three maps consistently
show the Moho depth varying between 40 km and 60 km in our
study region, and they all indicate a Moho depression striking
S–N within the Karelian craton. In accordance with both Tesauro
et al. [4] and Luosto [6], our Moho map documents a W–E striking
boundary between the shallower Moho realm in the southwestern
part and the approximately 47-km-deep Moho region to the North.
In the northernmost part of the study area, however, based on
coincident CSS FIRE4 and POLAR proﬁles and on PRF data, our
map shows crustal thickening toward the Kola craton, whereas
Tesauro et al. [4] suggest much shallower Moho there. In contrast
to the Moho map by Grad et al. [5], our re-evaluated CSS and the
new PRF data do not support a deep Moho trough striking SW–
NE in the center of the Norbotton craton (Figs. 1 and 8).7. Conclusions
In our study, we compiled a new Moho map for the northern
Fennoscandian Shield based on re-evaluated CSS data combined
with PRF information. The Moho depth in our study area varies be-
tween 40 and almost 60 km. Based on the new map, we can distin-
guish three main Moho realms corresponding to three different
major crustal types reﬂecting their different evolutions. In the
southwestern and eastern parts of our study area the Moho is quite
ﬂat and shallow, with a typical cratonic single velocity discontinu-
ity and an average Moho depth of 42 km, which suggests that the
crust there was formed in the Archean. In the northern part of
our study area, the Moho is also quite ﬂat at a depth of approxi-
mately 47 km and typically exhibits two or three peaks in PRF
for converted Ps, suggesting a more complex crust–mantle transi-
tion due to reworking in the Proterozoic. In addition to these broad
regions, we observe two deep Moho depressions (reaching a depth
of almost 60 km): one at the northeastern boundary of the study
area beneath the Kola craton and the second seen as a N–S elon-
gated trough beneath the Karelian craton. The latter Moho depres-
sion appears to be bounded on its western and eastern sides by the
thinner (approx. 44 km) crustal parts of the Karelian craton.
In the Finnish part of the study area, the boundary between the
northern Moho unit and south-western Moho unit as well as the
western boundary of the shallower Moho and the deep Moho
depression beneath the Karelian craton coincide quite well with
the northern and eastern boundaries of the Central Lapland Gran-
itoid Complex. It also corresponds well with the boundary between
H. Silvennoinen et al. / GeoResJ 1–2 (2014) 19–32 31the reworked and non-reworked parts of the Karelian craton. In
contrast, in the Swedish part of the study area, there is no obvious
boundary on the geological map that could correspond with the
change in the Moho depth that occurs within the Norbotton craton
(Figs. 1 and 7). However, one may speculate that this change in the
Moho depth and in the PRF appearance may also be a manifesta-
tion of the boundary between the crust reworked in the Protero-
zoic and the less-reworked cratonic crust. It is worth noting that
the known ore deposits in Sweden roughly correlate with this tran-
sition in crustal thickness and the Moho structure, which under-
lines the importance of regional-scale geophysical studies for
regional metallogeny. It also suggests that areas of signiﬁcant vari-
ations in crustal thickness and in Moho characteristics may be
underexplored.
As a continuation of this study, the obtained model will be used
to calculate crustal travel time corrections for teleseismic waves
arriving at the POLENET/LAPNET array to enhance resolution in
teleseismic tomography as documented for the SVEKALAPKO seis-
mic experiment, e.g. [3].
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